The SLC6 family of secondary active transporters are integral membrane solute carrier proteins characterized by the Na + -dependent translocation of small amino acid or amino acid-like substrates. SLC6 transporters, which include the serotonin, dopamine, norepinephrine, GABA, taurine, creatine, as well as amino acid transporters, are associated with a number of human diseases and disorders making this family a critical target for therapeutic development. In addition, several members of this family are directly involved in the action of drugs of abuse such as cocaine, amphetamines, and ecstasy. Recent advances providing structural insight into this family have vastly accelerated our ability to study these proteins and their involvement in complex biological processes.
Introduction
The solute carrier 6 (SLC6) transport family are secondary active co-transporters that utilize a chemiosmotic Na + gradient to couple 'downhill' transport of Na + with 'uphill' transport of their substrates across a biomembrane. Some members of the SLC6 family co-transport Cl − and accordingly were originally named Na/Cl-dependent transporters. Based on the substrate they translocate, SLC6 transporters can be divided in 4 subgroups. The neurotransmitter transporters (NTT) which include 3 -aminobutyric acid (GABA) transporters (GAT), 2 glycine transporters (GLY) and the monoamine (dopamine (DAT), serotonin (SERT) and norepinephrine (NET)) transporters; the amino acid transporters which include proline (PROT, IMINO), cationic and neutral amino acid transporters (AA 0 , AA 0,+ ); the osmolyte transporters which include the betaine (BGT1), taurine (TauT) transporters and creatine transporters (CT) and 1 orphan transporter. The functional divisions of the SLC6 family closely match the groupings observed in phylogenetic analysis (Fig 1) . Currently, the SLC6 family is comprised of > 300 prokaryotic and eukaryotic proteins of which 21 have been identified in humans . It is worth noting that within the "Transporter Classification System" developed by Milton Saier's group (Saier et al., 2009) , the SLC6 transporters are members of the Neurotransmitter:Sodium Symporter (NSS; 2.A.22) family within the Amino acid -Polyamine -Organocation (APC) superfamily. In eukaryotes, the SLC6 carriers that have been characterized to fulfill important, if not critical, roles in amino acid transport, (Bröer and Palacín, 2011) homeostasis of osmolytes levels, modulation of neurotransmitter signaling in the central and peripheral nervous system (Kristensen et al., 2011) and spermatogenesis (Chatterjee et al., 2011) . Within the intestinal and kidney tubule epithelium these transporters are key in the absorption and reabsorption, respectively, of amino acids and osmolytes that are essential for several physiological processes. Within the nervous system SLC6 transporters are critical in the termination of synaptic transmission for several amino acid and amino acid-derived neurotransmitters in addition to their role in providing essential nutrients and osmolytes to neurons and glial cells (Fig. 2) .
In humans, the SLC6 family of transporters defines one of the most clinically relevant protein groups with links to orthostatic intolerance, attention deficit hyperactivity disorder (ADHD) (Mazei-Robison et al., 2008) , addiction, osmotic imbalance, X-linked mental retardation (Martínez-Muñoz et al., 2008) , Hartnup disorder, hyperekplexia, Tourette syndrome, schizophrenia, Parkinson disease (PD), autism and mood disorders such as depression, anxiety, obsessive compulsive disorder (OCD), and post-traumatic stress disorder (PTSD) . This review will focus on the structure-function aspects of the mammalian SLC6 transporters, their regulation by both classical as well as emerging epigenetic/ transgenerational mechanisms and what impact these properties may have on disease and the use of biomarkers to detect these proteins in disease states. For a more comprehensive view of the SLC6 family of proteins see the recent review by (Kristensen et al., 2011) .
Structure
The identification of the high-resolution structure of the SLC6 bacterial leucine transporter, LeuT (Yamashita et al., 2005) , along with a wealth of supportive biochemical studies (Kristensen et al., 2011) has provided a framework for interpreting SLC6 structure-function relationships. In general, SLC6 proteins have 12 membrane spanning domains (TM) with intracellular N and C termini. In eukaryotic members, the N and C termini are significantly longer and have been shown to mediate complex regulatory processes such as protein trafficking, ion stoichiometry and function (Kristensen et al., 2011) . By comparison, prokaryotic SLC6 proteins lack structural features present in eukaryotic members such as: (1) the extensive N and C termini, (2) an extended extracellular loop 2 domain (EL2) between TMs 3 and 4 containing a critical disulfide bond (3) consensus intracellular phosphorylation sites and (4) the post-translational modifications such as glycosylation and palmitoylation (Foster and Vaughan, 2011) (Fig. 3A and 4) . Nevertheless, the NTTs and LeuT share a modest 20-25% overall sequence identity that increases to greater than 50% identity when focusing on the first shell of amino acids (within 7Å) of the bound substrate in the LeuT crystal (Yamashita et al., 2005) . The LeuT crystal structure has reveal that SLC6 transporters are based on a 5 + 5 helical architecture where TMs 1-5 and TMs 6-10 form two pentahelical bundles aligned antiparallel to one another yielding a pseudo two-fold axis of symmetry (Fig. 3A) . TMs 11 and 12 in LeuT reside on the periphery of the 5 + 5 core and may play a less critical role in transport but important functions in other aspects of structure or regulation a notion supported by the fact that 70% of the prokaryotic SLC6 members, including the functional Na + -dependent tyrosine transporter Tyt1 from Fusobacterium nucleatum, lack TM12 altogether .
The 5+5 architecture in Non-SLC6 Transporters
Following the crystallization of LeuT, several transporters from other SLC families were crystalized including amino acid, polyamine, and organocation transporter, ApcT; betaine transporter BetP; galactose transporter, vSGLT; arginine/agmatine antiporter, AdiC; amino acid, and sodium-benzylhydantoin transporter, Mhp1 and whereas these transporters share no sequence homology with LeuT, they possess the same 5 + 5 architecture suggesting a functional convergence to this structural configuration for many transport proteins (Boudker and Verdon, 2010) . Interestingly, these transporters have been found to have up to 2 or 3 TMs preceding or following the 5 + 5 helix bundle (Fig. 3A) . This observation is grounds for excitement in the field as we look forward with anticipation to understanding the contribution these helices have to the overall structure, function and regulation of these transporters.
Coupling chemiosmotic gradients to substrate uptake
In the "LeuT fold", as it is being termed, the centrally located TMs 1 and 6 are unwound mid-way through the membrane and participate with TMs 3 and 8 in forming the substrate binding site (S1) (Yamashita et al., 2005) . Two Na + ions lie proximal to the substrate consistent with the coupling of the Na + gradient with substrate translocation. Whereas, the LeuT structure did not provide any obvious insight into the location of the Cl − binding site for the NTT proteins, eloquent biochemical studies have revealed that Cl − binds proximal to the Na1 site in the NTT providing a negative charge that is functionally equivalent to E290 in LeuT which does not require Cl − (Forrest et al., 2007; Zomot et al., 2007) . The range of ion stoichiometries and dependencies (Na + , Cl − , K + , H + ) within the NTT proteins suggests variation in ion coupling mechanisms may allow for optimal binding, specificity and transport of the various substrates (Yu et al., 2010) . In fact, single mutations have been shown to dramatically alter the ion/substrate coupling in these transporters converting Na + / Cl − -dependent transporters to be solely Na + -dependent Tavoulari et al., 2011) . Interestingly, of the two Na binding sites in LeuT, only the Na2 site is conserved among transporters that have the LeuT fold. With any luck, future studies will provide greater mechanistic insight as to how ion binding sites are utilized to drive substrate binding and uptake.
The crystal structures from the LeuT fold proteins revealed a gating mechanism involving two pairs of charged residues positioned above and below the S1 site that open and close allowing coordinated substrate and ion entry and exit from S1 (Krishnamurthy et al., 2009) supporting the alternating access model (Fig. 3B) . Interestingly, molecular dynamic, biochemical and crystallographic analyses suggest that a second substrate molecule binds at a more cytoplasmic site (S2) in LeuT and mechanistically promotes substrate release from S1 (Reyes and Tavoulari, 2011) . This claim is in contrast to findings of Piscitelli et al. (2010) which supports a single substrate site. In addition, in other solved LeuT fold structures an occupied S2 site has not been recovered (Krishnamurthy et al., 2009) . The studies indicate the mechanisms of substrate binding and translocation may be more complex than anticipated warranting further data to determine the roles or existence of S1 and S2.
Inhibition of SLC6 transport at the molecular level
The continuing illumination of substrate translocation through these biological motors has also garnered more insight into how transport in NTTs can be disrupted by compounds such as antidepressants, cocaine and amphetamines. A co-crystal of LeuT with the competitive inhibitor tryptophan suggests that binding of Trp at the S1 site blocks the transition from an 'open-to-out' form to the 'occluded' (both gates closed) form preventing conformational changes that would allow the ligand to gain intracellular access (Singh et al., 2008) (Fig.  3B) . However, alteration of a single residue in the S1 site of LeuT can convert Trp from an inhibitor to a substrate by altering the preferred binding pose of the Trp and allowing the appropriate conformational transitions for transport (Piscitelli and Gouaux, 2012) . Noncompetitive inhibition of substrate transport has also been observed with co-crystals of LeuT and several tricyclic antidepressants (TCA) and selective serotonin reuptake inhibitors (SSRI). Interestingly, the non-competitive blockers bind to a separate extracellular vestibular binding site which is essentially the S2 site on LeuT (Singh et al., 2007; Zhou et al., 2009) . As with the S2 site and substrate binding, significant debate exists as to whether or not these co-crystal structures represent the mechanism of antidepressant binding in NTTs. The affinity for these inhibitors for LeuT is relatively low compared to the high affinities they possess for the NTTs (Singh et al., 2007) . Based on studies with Trp inhibition of LeuT (Singh et al., 2008) , one could speculate that in NTTs, the S2 binding site may be a low-affinity intermediate binding-site that becomes populated as the ligand transitions to the high-affinity S1 site. In addition, a large amount of biochemical, mutagenesis and pharmacological data show that mutations at S1 often lead to loss of high affinity binding for SSRIs and TCAs (Henry et al., 2006; Andersen et al., 2009; 2010) . However, mutations at a few residues in the S2 site have shown dramatic impact on the potency of some inhibitors (Nyola et al., 2010 ) and a halogen binding pocket has been reported to lie between the S1 and S2 sites and play a role in determining inhibitor specificity (Zhou et al., 2009) . These findings as well as data showing that S1 and S2 mutation exhibit differential impact on certain inhibitors (Henry et al., 2006; Andersen et al., 2010; Nyola et al., 2010) .
Transporter oligomerization
Each NTT protomer is thought to be independent in regard to substrate translocation and thus far, the discussion has focused on the structure of the transporter as a monomer. However, there is increasing evidence that the oligomeric state of the transporters can impact proper trafficking to the plasma membrane (Sitte et al., 2004) and that crosstalk within each oligomer may modulate function, regulation (Gärtner et al., 2011) and efflux (reverse transport) in response to drugs like amphetamine. Given the apparent core structural similarities between SLC6 and other SLC families, mechanistic and structure-function insights will cross family boundaries suggesting that we pay close attention to emerging structural findings throughout the superfamily as this may lead to breakthroughs in our ability to intervene in the disease processes related to this family.
Structure: a pathway to transport mechanism
The emerging crystal structures of the LeuT fold family of proteins have provided snap shots of the transporter in the various stages of substrate translocation such as the outwardfacing, occluded and inward-facing conformations. By assuming that the conformational changes necessary to move substrate will be conserved among the LeuT-like transporters, several groups have put the snap shots together to describe the alternating access process in these proteins. Two prevalent models are the "rocking bundle" (Forrest and Rudnick, 2009) , where a bundle (TMs 1, 2, 6 and 7) and scaffold (TMs 3, 4, 5, 8, 9 and 10) rock in relation to one another resulting in transition from outward to inward facing, and the other involves a "hinge" model (Krishnamurthy et al., 2009) where flexing movements in TM1 and 6 followed by side chain rearrangement is sufficient to open and close the outer and inner gating densities allowing coordinated passage of substrate. A more complete set of crystal structures for Mhp1 representing the outward-facing, occluded and inward-facing conformations has suggested the transporter undergoes rigid body movements similar to those proposed by the rocking bundle (Shimamura et al., 2010) . Recently, using antibody stabilization and mutagenesis primarily at the Na2 binding site, Krisnamurthy and Gouaux captured LeuT crystals representing the substrate-free outward facing and apoinward-facing conformations (Krishnamurthy and Gouaux, 2012) . The authors propose these new structures reveal a hybrid mechanism of transport for LeuT that involves a combination of both hinge and rigid-body movements to permit substrate and ion passage across the membrane. Indeed, as more LeuT fold crystal structures develop so too will a clearer picture of the transport mechanism(s) used by this family. However, it should be noted that as we have observed how sequence dissimilarity can give rise to a strikingly similar 3-D fold (LeuT fold), co-existing mechanisms to achieve alternating access are not unreasonable.
Function
Consistent with their diverse physiological role, the SLC6 transporters are found in many tissues including nervous system, kidney, intestine, pancreas, adrenal gland and testis. However, because of their physiological relevance most functional studies have been performed on the NTT subgroup. In the central and peripheral nervous system, the NTTs can regulate signaling among neurons and are a site of action for various drugs.
Transporter Subgroups
3.1.1 GABA transporters-GAT1 (encoded by the SLC6A1) is the main GABA transporter in the brain and thus plays an important role in regulating GABAergic signaling (Madsen et al., 2010) . It localizes within the GABAergic neurons in the neocortex, hippocampus, cerebellum, basal ganglia, brainstem, spinal cord, olfactory bulb and retina. GAT1 is strongly inhibited by anti-epileptic drugs, such as tiagabine and nipecotic acid that likely exert their effects by elevating extracellular level of GABA. GAT3 (SLC6A11) is predominantly expressed in glia cells, and its localization to GABAergic synapses suggests a role in regulating GABA signaling. GAT2 (SLC6A13), like GAT3, shares 52% homology with GAT1, however its expression does not overlap with markers of GABAergic signaling though it is found in the brain and retina as well as liver and kidney. Similar to GAT1, GAT3 is a target of anticonvulsant drugs that are nipecotic acid derivates.
Monoamine transporters-
The NET (SLC6A2), DAT (SLC6A3) and SERT (SLC6A4) are mainly found in the brain. NET and SERT are also found in a subset of adrenal chromaffin cells, mast cells and blood platelets (Kristensen et al., 2011) . They regulate many central and sympathetic nervous system functions including learning, mood, attention, movement, appetite, sleep and reward. Besides moving endogenous substrates, monoamine transporters can translocate amphetamines and neurotoxins including MDMA (ecstasy) and 1-methyl-4-phenylpyridinium (MPP + ). Selective inhibitors of the monoamine transporters include cocaine analogs, mazindol, benztropine and antidepressants such as fluoxetine (Prozac). Thus, an understanding of the molecular mechanisms underlying transport by these proteins is of considerable interest.
Glycine transporter-
The glycine transporter 2 (GlyT2) is highly expressed in neurons of the brainstem, cerebellum and spinal cord as well as in macrophages and mast cells in peripheral tissues; whereas GlyT1 is found only in glia cells (Supplisson and Roux, 2002) . Two isoforms of GlyT2 exist. The GlyT2b does not exhibit functional glycine uptake and differs from GLYT2a by five amino acids in the N-terminal tail. Inactivation of GlyT2 in knockout mice is lethal during the second post-natal week as the absence of GlyT2 disrupts inhibitory transmission by reducing glycine release. In humans, GlyT2 is encoded by the SLC6A5 gene and mutations in this gene are responsible for a presynaptic form of hyperekplexia, a genetic disease causing increased startle reflex. GlyT1 (SLC6A9) has been associated with hypertension as well as elevation of extracellular synaptic glycine concentration by blockade of GlyT1 has been hypothesized to potentiate NMDA receptor function in vivo and to represent a rational approach for the treatment of schizophrenia and cognitive disorders.
3.1.4 L-Proline transporter-Brain-specific L-proline transporter, PROT (SLC6A7), is expressed by subpopulations of putative glutamatergic neurons which are particularly enriched with this protein in synaptosomal membrane fractions (Shafqat et al., 1995) . These findings raise the possibility of a specialized role for PROT and its presumed natural substrate, L-proline, in the modulation of excitatory synaptic transmission in specific excitatory pathways within the CNS.
3.1.5 Neutral and cationic amino acid transporters-The SLC6 family includes a number of neutral and cationic amino acid transporters which are expressed in blastocysts, oocytes, intestine, kidney, pituitary gland, lung and brain. Members of the neutral amino acid transport subfamily (i.e. IMINO (SLC6A20), B 0 AT1 (SLC6A19), B 0 AT3 (SLC6A18), NTT4/XT1 (SLC6A20)) are found on the apical surface of epithelial cells ( Fig. 2A and C) where they are important for the absorption of amino acids from the duodenum, jejunum and ileum and their reabsorption within the proximal tubule of the nephron, as well as in brain tissue (SBAT1 (SLC6A15), IMINO) (Bröer and Palacín, 2011) . Remarkably, B 0 AT3, whose lack of function has been linked to imino-and hyperglycinuria, is the only member of the SLC6 family that requires co-expression of either collectrin or angiotensin-converting enzyme 2 (ACE2) to be active (Fig. 2D) . However, although the mouse B 0 AT3 is active when expressed in vitro together with these 'helper' proteins, a functional human B 0 AT3
transporter has yet to be identified (Bröer and Palacín, 2011) . Interestingly, several mutations have been reported to occur at a very high frequency in the B 0 AT3 gene such that a considerable proportion of the human population carries a non-functional version of the protein (see Table 1 ). B 0,+ /ATB 0+ (SLC6A14) is a unique amino acid transporter. It recognizes both neutral and cationic amino acids. Moreover, the ATB 0+ can transport antiviral drugs such as acyclovir and ganciclovir when they are covalently coupled to the side chain of anionic amino acids. Thus it can function as a potential drug delivery system. Interestingly, it has been found that the ATB 0+ expression is upregulated in cancer.
The NTT5 (SLC6A16) is an orphan transporter whose mRNA is highly expressed in peripheral tissues, particularly in testis, pancreas, and prostate. Transient transfection with epitope-tagged transporter constructs demonstrated NTT5 is predominantly intracellular, suggestive of a vesicular location. Although the substrates transported by this transporter remain unknown, its specific distribution suggests that it may mediate distinct and important functions.
3.1.6 Osmolyte transporters-The taurine and betaine transporters (TauT and BGT1, encoded by SLC6A6 and SLC6A12) are both found in brain, kidney and other non-neuronal tissues ( Fig. 2A-C ). Both transporters are thought to play a role in osmoregulation across basolateral membranes of epithelial cells and expression of BGT1 and TauT are regulated by changes in osmolarity (Kwon, 1996) . By moving osmolytes such as taurine and betaine, TauT and BGT1 adjust the intracellular solute content to compensate for gain or loss of water. BGT1 is a betaine/GABA transporter that osmoregulates cells in the hypertonic inner medulla by mediating basolateral betaine accumulation. BGT1 also transports GABA and, in fact, has a higher affinity for GABA than betaine. Although there is no direct evidence for a role of TauT in pathological disorders, TauT may be associated with taurine deficiency diseases including abnormal renal development and retinal-related blindness, as well as regulation of bile-acid conjugation in hepatocytes (Sturman, 1990) .
Creatine is important in maintaining ATP homeostasis thus the creatine transporter (CT1, SLC6A8), which is ubiquitously located in mammals, is thought to provide creatine in cells that cannot synthesize their own (Nash et al., 1994 ). An X chromosome-linked creatine deficiency syndrome has been identified in subjects carrying a mutation in the CT1 gene . This naturally occurring mutation leads to a non-functional CT1 that clinically manifests with moderate to severe intellectual disability, severe language problems, and increased rate of epilepsy. Unlike CT1, transcripts for the putative CT2 protein, which shares 97% homology with CT1 (Iyer et al., 1996) , are present exclusively in the testis and brain, and therefore, it is speculated that CT2 provides creatine for its conversion to phosphocreatine and ultimately ATP for normal sperm mobility when sperm would lack an X chromosome after meiosis because the gene that encodes for CT2 resides in chromosome 16. However this SLC6A10P gene is considered to be a pseudogene by some groups and evidence for the CT2 protein has not yet been found.
Electrogenic transport
The central role of all SLC6 transporters is to mediate a rapid transport of substrate across cellular membranes against very large concentration gradients. Radiolabeled tracer flux studies have long been the standard technique employed to study transporter kinetics. These studies showed that the relationship between concentrations of the SLC6 substrate as well as Na + and Cl − , and transport activity follows Michaelis-Menten kinetics with K m values in the lower micromolar range for the substrate and millimolar range for the two ions (Supplisson and Roux, 2002; Kristensen et al., 2011) . To explain transport data radiolabeled tracer flux studies focused on the "alternating access" hypothesis, in which binding sites for ligands and ions alternately face extracellular or cytoplasmic compartments (Fig. 3B ). Within this framework, coupling of substrates and ion movement results from conformational changes in the transporter induced by substrate and ion binding. Furthermore, flux experiments have suggested that substrate transport is electrogenic for some transporters (DAT, NET, GAT, GLYT) and electroneutral for others (SERT) (Amara and Sonders, 1998) . Because the presence of transporters leads to additional currents, and because these currents depend on membrane potential, electrogenic transporters add conductance to the membrane. However, several studies have shown the conducting properties of transporters go well beyond the electrogenity predicted by the transport mechanism (Sonders and Amara, 1996) . In addition to their ability to couple the uphill fluxes of their neurotransmitter substrate to the downhill movement of Na + and other ions, NTT proteins also catalyze an uncoupled ion flux (Sonders and Amara, 1996) . For example, 5-HT transport is electroneutral (exchange of internal K + with Na + , Cl − and 5-HT + ) (Amara and Sonders, 1998 ), yet it displays at least four distinct conducting states (Mager et al., 1994) . Moreover, when measurements of macroscopic current during transport are integrated, the charge exceeds the current predicted from measurements of the expression level, turnover rate, and net charges moved per coupled transporter cycle according to putative alternating access schemes (Sonders et al., 1997; Carvelli et al., 2004) . A second possible mechanism for coupled co-transport, also supported by tracer flux data as well as electrophysiological data, postulates that substrate and ions share a complex pore (DeFelice et al., 2001) . In this scenario, coupling occurs as a result of interactions between substrate and ion in the pore lumen, referred to as flux coupling. A simplified example of coupling in a single-file, knock-through channel, was reported by Adams et al. (2002) in which Na + ions move down their electrochemical gradient and push 5HT up its gradient.
Co-existence of transporter and channel mechanisms
Turnover rates for known NTTs are clustered in the range of 1 to 15 substrate molecules/sec. That is, a single transporter requires at least 60 ms to complete its cycle. Yet within a few ms after release at fast chemical synapses, the transmitter is cleared from the extra-cellular space (Thompson et al., 2011) . As a result, receptors begin to deactivate and the synaptic event cannot spill over to neighboring synapses. How is this possible given the very modest turnover rate of neurotransmitter transporter? Some studies have suggested that efficient removal of the transmitter from the synapse arises from the fact that each transporter molecule may form a channel ( Fig. 3B) (Carvelli et al., 2004) . The formation of channels provides an alternative path for current flow and may explain why current is not always proportional to substrate flux. However, the low open probability of the transporter suggests that perhaps only a subpopulation of NTT exhibits a channel state when activated by the substrate, while most of the transporters behave classically (alternating access), and these states may interconvert. Several studies have shown that syntaxin 1A (Syn 1A), a protein involved in synaptic vesicle docking and in the regulation of several ion channels and transporters, binds and regulates the transport activity and conductance of SERT, DAT, NET and GAT-1 (Quick, 2003; Carvelli et al., 2008 ). These studies demonstrate that the interaction with Syn 1A converts the transporter from an electrogenic carrier with a voltagedependent and variable stoichiometry to one with a fixed and tightly coupled stoichiometry suggesting that both cell excitability and psychostimulant-mediated effects are contingent to the state of association among the transporter and its interacting partners (Quick, 2003) . Particularly, Carvelli et al. reported that interaction between Syn1A and DAT suppresses the channel state of the transporter, and the loss of interaction between the two proteins leads to enhanced synaptic DA levels (Carvelli et al., 2008) . As electrogenic substrate transport and inward currents have also been described for other SLC6 members, which do not necessarily translocate neurotransmitters (amino acid, creatine and taurine transporters) it is conceivable that in addition to moving substrates across membranes this protein family also control ion concentrations within cellular microdomains.
The ability of a single molecular architecture to support both a transporter and a channel mechanism has been observed in Chloride channels where a single amino acid substitution converts the transporter to a channel (Accardi and Miller, 2004) . In addition, the ability to form channels may allow transporters to produce large electrical signals and have a cellular function beyond the uptake and release of substrate. Indeed, data from native neurons suggest that DAT-mediated conductances generated by DA or amphetamine increase excitability of midbrain dopaminergic neurons Carvelli et al., 2004) . These transport-associated currents provide useful tools for quantitative functional characterization, as well as for qualitative distinctions between substrates and blockers. For example, amphetamine-like dopamine-releasing drugs produce transport-associated currents at dopamine transporters, but cocaine-like drugs block such currents (Sonders and Amara, 1996) .
Regulation
Transporter activity is dependent on the presence of the carrier at the cell surface and the transport capacity of each carrier molecule in this cell surface environment. Although transporter activity can be influenced greatly by changes in transcriptional activity, splice site usage, and mRNA translation and stability, these aspects of SLC6 transporter regulation will not be discussed here but briefly in a later section (see section 5.1 and . Additionally, cellular events that influence SLC6 NTT activity have been covered in detail in a recent comprehensive review (Kristensen et al., 2011 ) and we will limit our discussion here to transporter down-regulation which has been more thoroughly studied than up-regulation.
With the determination of the first high-resolution X-ray crystal structure of LeuT (Yamashita et al., 2005) came many advances and insight into the transport mechanism of this family of carriers. However, the highly conserved primary sequence between LeuT and the mammalian transporters is limited to TM domains and to a lesser extent the intracellular sequence joining these domains. LeuT has very limited N-and C-terminal domains while the mammalian transporters have extensive and diverse N-and C-terminal domains with differences in both amino acid sequence and length among the SLC6 family. With the exception of two highly conserved phosphorylation consensus sequences in the second and third intracellular loops, all of the identified phosphorylation, ubiquitination and known protein-protein interaction sites reside within the N-and C-terminal domains (Fig. 4) . However, the differences in sequence and length of these domains among the SLC6 NTTs suggest the potential for a high degree of transporter-specific regulation.
PKC-dependent transporter down-regulation
Several studies have reported the involvement of several signaling pathways in the regulated trafficking of SLC6 transporters with some promoting trafficking toward the cell surface and others promoting internalization from the cell surface (see (Kristensen et al., 2011) for detailed information). It is clear from these studies that SLC6 NTTs traffic toward and away from the plasma membrane in constitutive and regulated manners. The most thoroughly studied kinase-dependent SLC6 trafficking mechanism is PKC-mediated transporter internalization (Fig. 5) . It was originally thought that this internalization process would be analogous to GPCR internalization where a phosphorylation event is necessary to initiate internalization following agonist binding. However, this does not appear to be the case with the SLC6 NTT family because elimination of the major PKC phosphorylation sites in the first 21 or 22 residues of the DAT N-terminus abolished detectable phosphorylation without altering PKC-mediated internalization (Figs. 4 and 5) . Although this result seemingly suggests that phosphorylation is not involved in DAT down-regulation, caution should be taken in this interpretation because it only indicates that phosphorylation is not necessary for transporter internalization but says little about the role of phosphorylation in modulating surface transporter activity because this mode of regulation may be masked by an independent internalization event and may vary significantly in different cellular environments. The majority of these studies have been conducted in heterologous nonneuronal cell systems that may differ in the basic components of transporter regulation and the time frame in which they occur. It is very plausible that an initial rapid traffickingindependent inactivation of transporters occurs at the plasma membrane prior to or in addition to internalization of the transporter as has been suggested for DAT (Mazei-Robison et al., 2008) and SERT .
Modes of transporter down-regulation
Along these same lines, an additional mode of transport down-regulation was proposed recently for DAT based on substantial retention of PKC-induced down-regulation following treatments that blocked the clathrin/dynamin-dependent endocytotic mode of downregulation (Foster et al., 2008) . Both modes of regulation were PKC-dependent but the time frame in which these events occurred was not explored. It is unclear if this recently uncovered endocytosis-independent mode of regulation involves transporter phosphorylation, localization to membrane raft domains, interactions with binding partners or combinations of these mechanisms including interaction between N-and C-terminal domains as has been demonstrated for the BetP transporter (Ressl et al., 2009) (Fig. 5) . Elevated levels of PMA-stimulated phosphorylation were noted for DATs localized to cholesterol-rich membrane raft domains suggesting that rafts may be the location of PKCdependent DAT phosphorylation (Foster et al., 2008) . Additionally, the localization of DAT to membrane rafts is reported to be dependent on the raft protein Flotillin-1/Reggie-1 (Flot-1) and PKC-triggered DAT endocytosis as well as AMPH-induce DA efflux in neurons were both dependent on the presence of this raft-associated protein (Cremona et al., 2011) . The specific mechanism in which Flot-1 interacts with DAT thereby stabilizing its raft localization and concurrently participates in internalization of the transporter is not known but is suggested to involve PKC-mediated phosphorylation of Flot-1 at Ser315 (Fig.  5) (Cremona et al., 2011) . Interestingly, SERT and NET, which also have been found in membrane rafts (Jayanthi et al., 2004; Magnani et al., 2004) , display raft to nonraft redistribution following PMA treatment Jayanthi et al., 2006) but this redistribution was not observed with DAT (Foster et al., 2008) (Fig. 5) . However, a clear dependence of transporter activity on membrane cholesterol levels has been established for DAT (Adkins et al., 2007; Foster et al., 2008; Hong and Amara, 2010) and SERT (Magnani et al., 2004) suggesting that the lipid membrane environment may be important for transporter conformation and activity. Acute cholesterol depletion results in decreased transporter activity that is not the result of altered surface expression or ion gradients required to drive substrate translocation (Foster et al., 2008) . This phenomenon was also observed in Erlich Lettré tumor cells that displayed decreased taurine uptake after cholesterol depletion (Villumsen et al., 2010) suggesting that TauT and possibly the entire SLC6 family may require cholesterol for optimal transport activity. Other than transition into and out of membrane rafts it is not currently known how cholesterol/transporter interactions may be modulated resulting in altered transport activity.
Transporter palmitoylation
Another lipid-mediated form of regulation, S-palmitoylation, has been reported recently for DAT (Foster and Vaughan, 2011) . Palmitoylation is reversible and dynamic, with addition and removal of palmitic acid via a thioester linkage to cysteine that is rapidly catalyzed by palmitoyl acyltransferases (PATs) and protein palmitoyl thioesterases (PPTs), respectively. These modifications confer the ability of target proteins to respond to regulatory signals in a manner analogous to phosphorylation/dephosphorylation and strongly influence DAT transport kinetics, degradation, and PKC-mediated down-regulation. Site-directed mutagenesis indicates that palmitoylation of rat DAT occurs at Cys580 at the intracellular end of TM12 (Figs. 4 and 5) and at one or more additional unidentified site (s) (Foster and Vaughan, 2011) . This C-terminal site is conserved in human DAT (hDAT) as well as TauT and GlyT1 and a nearby TM12 cysteine residue in GAT3, but is not conserved in closely related SERT and NET suggesting that palmitoylation and any resulting regulatory events may occur in several but not all SLC6 transporters. However, identification of the remaining palmitoylation site (s) in DAT may reveal conserved sites and other SLC6 family members may have unique sites for this modification. Although the mechanism in which palmitoylation influences DAT activity, structural conformation and trafficking is unclear, the proximity to TM12 (Figs. 4 and 5 ) may impact DAT oligomerization, as TM12 of LeuT forms a dimer interface and palmitoylation may stabilize protein dimeric interactions (see Kristensen et al. 2011 ) in addition to possibly targeting DAT to membrane raft domains (Foster and Vaughan, 2011) .
Regulatory components found in intracellular loops
Two relatively well-conserved intracellular loops (IL) in SLC6 transporters have been implicated in the PKC-dependent mechanism for transporter internalization. IL2 contains a highly conserved pair of S/T residues and Ser259 within IL 2 in NET (Fig. 4) appears to be a site of PKC action, but mutation of both Thr258 and Ser259 was required to abolish PKCmediated down-regulation of NE transport (Jayanthi et al., 2006) . In Gly 2, mutation of Ser 420 or an adjacent Lys residue in IL2 to the phosphomimetic residue Glu abolished PMAinduced down-regulation including plasma membrane GlyT 2 internalization while mutation of Ser420 to non-phosphorylatable Ala had little affect (Fornes et al., 2004) . These two studies suggest that this region may be important in PKC-mediated SLC6 transporter internalization but the role of phosphorylation in this process remains unclear. IL3 contains well-conserved Tyr and Ser residues that have also been associated with PKC-dependent transporter regulation (Fig. 4) . GAT1 is phosphorylated on unidentified serine residues in response to PKC activation but only if Tyr phosphorylation on residues 107 and 317 is eliminated or greatly reduced. Tyr317 is highly conserved within IL3 in the SLC6 family including TauT where an adjacent Ser residue (322) was identified as a PKC-dependent phosphorylation site (Han et al., 1999) . Mutation of this site to Ala resulted in loss of PKCmediated transporter down-regulation but was accompanied by a 2-3-fold increase in basal taurine transport activity. It is interesting to note that GAT1 also has a potential PKC phosphorylation site at Ser320 just C-terminal to Tyr317. These studies suggest that IL3 may also be important in SLC6 transporter down-regulation, but again, the role of phosphorylation in this process remains unclear.
C-Terminal regulatory components
Several C-terminal motifs of DAT have been linked to endocytotic trafficking and/or degradation. These include a binding site for the scaffolding protein Hic5 at hDAT residues 571-580 adjacent to the potential hDAT palmitoylation site (Carneiro et al., 2002) , neighboring residues 587-596 that have been identified as a nonconventional internalization motif (FREKLAYAIA) that binds the plasma membrane-associated GTPase Rin and impacts constitutive and PKC-dependent trafficking (Boudanova et al., 2008) , and a distal C-terminal binding site for the PDZ protein PICK1 that impacts transport surface targeting (Torres et al., 2001; Bjerggaard et al., 2004) (Figs. 4 and 5) . The distal C-termini of NET and SERT were also identified as PICK1 binding sites with NET displaying strong and SERT week interaction with PICK1 (Torres et al., 2001 ).
In terms of phosphorylation, the only C-terminal phosphorylation site that has been identified is found in BGT1 (Massari et al., 2005) . Both serine and threonine phosphorylation are stimulated in BGT1 in response to phorbol ester treatment and Thr612 was identified as the major phosphorylation site after this treatment (Fig. 4) . Mutation of this residue resulted in impaired interaction with the PDZ protein LIN7 at the distal C-terminus of BGT1 analogous to PICK1 interactions with NET and DAT (Torres et al., 2001 ) and PDZ protein PSD-95 interaction with GLYT1 (Cubelos et al., 2005) . No phosphorylatable residues are found in the PICK1 binding sites on DAT and NET but a PKC consensus sequence is found just upstream from this site in DAT suggesting that phosphorylation at this residue could potentially modulate PICK 1 binding (Fig. 4) .
The C-terminal internalization motif (Figs. 4 and 5) is relatively well conserved among the SLC6 NTT family and mutation of this motif in NET also results in impaired internalization. This internalization domain is reported to be necessary for binding of Rin to DAT in a PKCdependent manner (Navaroli et al., 2011) . Mutation of residues 587-589 (REK) in the internalization motif resulted in loss of the PMA-induced increase in DAT-Rin interaction, however, the basal DAT-Rin interaction was increased by 300% in the mutant suggesting that these residues modulate DAT-Rin interaction in a PKC-dependent manner. It remains to be determined the exact role of all these regulatory features in SLC6 down-regulation but it appears that PICK1, Hic5, and LIN1 binding as well as the internalization motif and Rin interaction are likely involved in regulated trafficking/internalization with posttranslational modifications such as phosphorylation and palmitoylation potentially impacting these mechanism.
N-Terminal regulatory components
A broad body of evidence suggests that cellular kinases and phosphatases regulate SLC6 transporter expression, activity, trafficking and degradation. Although several of these transporters are known phosphoproteins a number of the specific phosphorylation sites within these proteins have not be identified. The N-and C-terminal tails have received considerable interest because of the presence of a number of kinase consensus sequences as potential phosphorylation sites in these domains. DAT has been well characterized to undergo phosphorylation by PKC within a serine cluster at the distal end of the N-terminus and proline-directed phosphorylation at the membrane proximal residue Thr53 also within this N-terminal domain (Foster et al., 2002; Gorentla et al., 2009) (Figs. 4 and 5) . Serine cluster phosphorylation in not required for DAT clathrin/dynamin-dependent endocytosis but may play a role in the cholesterol associated non-endocytic mode of DAT downregulation recently uncovered (Foster et al., 2008) in addition to modulating AMPHstimulated DA efflux (Khoshbouei et al., 2004; Fog et al., 2006) . It is not known if phosphorylation at Thr53 is involved PKC-mediated DAT down-regulation or DA efflux but several recent studies have indicated that DAT and SERT N-termini are flexible and that altered conformations induced by mutations at Thr62 near Thr53 or membrane tethering of the N-terminus strongly impact uptake, binding, and efflux functions (Guptaroy et al., 2009; Sucic et al., 2010; Guptaroy et al., 2011) , supporting the idea that N-terminal phosphorylation may be altering DAT and SERT conformation.
The N-terminal domain of DAT, SERT, NET and GAT1 is also the binding site of the SNARE protein Syn 1A (reviewed in Kristensen et al. (2011) ) which influences the activity and cell surface availability of these transporters. Evidence suggests that binding may be mediated through the SNARE H3 motif and closely-spaced negatively charged N-terminal Asp residues in GAT1 and SERT. For DAT, the interaction site is contained within the first 33 N-terminal residues (Binda et al., 2008 ) that contains few negatively charged amino acids but does include a closely-spaced PKC-mediated phosphorylation serine cluster (Ser2, 4, 7, 12 and 13) (Foster et al., 2002) (Fig. 4) . Additionally, cleavage of Syn 1A with botulinum toxin C1 in striatal slices results in elevated transport V max and reduced DAT phosphorylation (Cervinski et al., 2010) suggesting that Syn 1A-DAT interaction suppresses DA uptake and may be dependent on DAT N-terminal phosphorylation which would provide the negative charge necessary for interaction as seen with SERT and GAT1. Furthermore, DAT phosphorylation within the N-terminal Ser cluster and Syn 1A interaction with the distal N-terminus both promote AMPH-stimulated DA efflux (Khoshbouei et al., 2004; Cervinski et al., 2005; Fog et al., 2006; Binda et al., 2008) suggesting the potential for phosphorylation-dependent DAT-Syn1A interaction as the mechanism responsible for this efflux event. Although distal phosphorylation of the DAT Nterminus is not required for transporter internalization, another N-terminal post-translational modification is required for receptor endocytosis. DAT is constitutively ubiquitinated and PMA treatment increases this modification (Figs. 4 and 5) , which is dependent on the presence of three N-terminal lysines (Lys19, Lys27, and Lys35) (Miranda and Sorkin, 2007) . Mutation of these residues to Arg essentially abolishes both ubiquitination and PKCdependent DAT internalization suggesting that this modification is an essential component of DAT endocytosis and the endocytotic mode of transporter down-regulation (Miranda and Sorkin, 2007) 
Disruption of transporter regulation
Although great progress has been made in determining the ways in which SLC6 transporters can be regulated it is clear that the mechanisms involved are complex and multifaceted and may differ slightly between members of this family. Much more analysis is necessary to elucidate the complex manner in which all of these regulatory elements interact resulting in altered transporter function and trafficking. In addition, multiple SLC6 transporter coding variants have been identified but functional analysis of these variants is limited to a select few including those found in SERT and DAT. Polymorphisms in SERT and DAT have been associated with psychiatric disorders, such as autism, bipolar and attention deficit/ hyperactivity disorder , and many of the identified mutations occur in the N-and C-terminal regions in close proximity to many regulatory components in these transporters (Fig. 4) . This suggests that these mutations may alter the normal regulatory mechanisms in these proteins and thereby compromise synaptic signaling related to these transporters leading to psychiatric disturbances.
Therapeutic Development
In this section, we provide information on studies related to epigenetics, mouse models, biomarkers, single nucleotide polymorphisms (SNPs) and small molecule development for their utilization in discovery of novel therapeutics for neurological disorders and drug addiction therapy.
Epigenetics
Epigenetics, a mechanism of rapid environmental-initiated adaptation through changes in gene expression patterns that do not require changes in DNA sequence, has come to the forefront as a possible way to understand diseases that do not have a clear genetic etiology. Epigenetic control of gene expression occurs through DNA methylation, histone modification and RNA silencing, and this programming can exhibit transgenerational inheritance (Franklin et al., 2011) whereby expression modulated traits acquired in germ line genes can be transmitted to subsequent generations. Given the relationship of SLC6 transporters to mood disorders such as depression, addiction, aggression, PTSD, anxiety, OCD and disorders like ADHD, autism, the possibility that these illnesses may be beyond simple genetic control where environmental imprinting on gene expression could modulate the severity or propensity for developing these conditions suggests epigenetics could provide an exciting new path for therapeutic intervention. Here, we present information related to epigenetic studies of SLC6 transporters. The majority of epigenetic studies have been conducted on the NTTs, particularly on SERT, DAT and NET (see Table 1 ).
In humans and primates, evidence for environmental factor induced neurological diseases have been obtained by measuring the CpG methylation of the promoter region of candidate genes and correlating results with the disrupted mRNA expression levels in specific pathologies (Kinnally et al., 2010; Sugawara et al., 2011) . Gene and environment (GXE) interactions such as those between the SERT polymorphisms and environmental adversities (i.e. early life stress, war repatriation, maternal separation, psychosocial adversity) have been associated with depression, anxiety, aggressive behavior, suicide and other mental disorders (Meaney, 2010; Artero et al., 2011; Lesch, 2011) . A classic example of such a GXE relationship involves the short and long alleles of a SERT promoter polymorphism (5-HT transporter-linked promoter region or 5HTTLPR) where the short form combined with life stress was associated with increased depression and suicidal behavior (Caspi et al., 2003) . Similarly, the DAT gene is also sensitive to epigenetic regulation and DNA methylation of the DAT promoter regions affects behavior in eating disorders and alcohol dependence and craving (Hillemacher et al., 2009 ). While there is very limited information of GXE interaction at NET, methylation of SLC6A2 has been implicated in essential hypertension and panic disorder (Esler et al., 2008) .
Comprehensive evaluation of epigenetic influences on SERT from different animal paradigms support the idea of environmental impact on SERT expression patterns and its contribution to complex diseases and traits (Caspi et al., 2010) . However, the relationship between the NTTs and epigenetics is not definitive as a study by Park et al. (2011a) failed to find a significant difference when comparing methylation of SERT promoters in alcoholic versus control patients. The discrepancy between positive and negative association for GXE to SERT expression have been linked to experimental variables such as sample age, allelic variation, heterozygocity, environmental paradigm and trait assessment (Uher and McGuffin, 2008) suggesting that addressing these experimental issues may unmask the impact epigenetics has on NTT function. Epigenetic research provides compelling evidence from cohort based studies to explain the epigenetic regulation of gene expression for better understanding of the disease etiology. However, due to brain tissue accessibility issues with the participants, exploration of more easily attainable peripheral tissue biomarkers becomes a future strategy for such epigenetic studies. Attempts are underway to develop epigenetic biomarkers associated with the SERT gene that could be associated with neuropathological conditions like depression (Olsson et al., 2010) and thus help in early diagnosis and disease treatment. Such a strategy may also enable GXE effects to be examined for other SLC6 members. Importantly, testing the known epigenetic regulation of disease states in animal models and identifying the cellular components that control chromatin and histone modifications could lead to discovery of drug treatments that target gene modifying proteins involved in disease processes.
Role of murine models in the development of psychiatric therapeutics
The complex and overlapping roles of monoamine systems in a number of mood and behavioral disorders has made deciphering their individual contributions problematic. Transgenic NTT mouse models have provided key insights in differentiating the roles among the aminergic systems. Early experiments involving transgenic null mice where one of the NTT genes had been eliminated were enlightening because they sometimes yielded unexpected results. For instance, in the DAT (Slc6a3) knockout mice, self-administration of cocaine remains (Rocha et al., 1998) indicating involvement of an intricate compensatory mechanism regulated by other transporters (SERT and NET). However, complete knockout of the DAT gene may cause developmental and adaptive changes that disturb dopamine homeostasis. SERT (Slc6a4) knockout models for autism revealed that 5-HT levels in this animal model were contrary to those actually observed in autism (Veenstra-VanderWeele et al., 2009 ) suggesting that SERT is not the only target regulating 5-HT levels in autism. Similar limitations for data interpretation were evident for null, over-expressing or polymorphic variant mouse models upon examination of their effects on SERT protein expression, function and sensitivity to selective serotonin receptor inhibitors (SSRI) (Homberg, 2011 ).
An alternative approach has been implemented to generate mutant NTT knock-in mouse models that do not alter the target protein expression levels but exhibit increased substrate transport or unaltered substrate transport with changes in antagonist binding. A DAT mouse model was generated by introducing three mutations into DAT that maintains DA transport activity but loses cocaine-mediated transport inhibition (Chen et al., 2006) . This cocaineinsensitive DAT mouse model has been utilized to weigh and discriminate DAT involvement from other neurotransporters (SERT and NET) in the neurochemical and behavioral profile of molecules like cocaine and methylphenidate (Tilley and Gu, 2008; Tilley et al., 2009 ) in a system that should better mimic the wild type mouse.
Likewise, identification of a single residue mutation in human SERT (I172M) that dramatically alters the potency of many antidepressants and cocaine (Henry et al., 2006) led to the development of an antidepressant-insensitive mouse (Thompson et al., 2011) . The I172M mice displayed unaltered SERT protein levels and function while exhibiting decreased sensitivity for SSRIs and recently have been employed in identification of another target (i.e. sigma receptors) for SSRIs (Ye and Blakely, 2011) . Finally, a transgenic mouse carrying a G56A mutation in SERT which corresponds to a non-synonymous single nucleotide polymorphism (NS-SNP) linked with autism was generated.
While not yet characterized, it may provide clues suggesting how this N-terminal mutation in SERT can contribute to autism.
Use of transgenic animals that exhibit altered drug response while maintaining the natural function of the transporter offers a valuable experimental paradigm to help dissect complex and multifaceted disease systems that could be dramatically altered through compensatory mechanisms observed in knockout models. Pharmacologically 'silencing' these primary drug targets allows for the identification of contributions of secondary targets to the model and possible detection of novel therapeutic targets.
Biomarkers
A neuroimaging biomarker by definition aids in early and differential diagnosis of disease, evaluation of disease severity/progression and/or assessing treatment outcome. Use of genetic or epigenetic disease associations as biomarkers is problematic due to the lack of reproducibility and complex inter-individual genetic and epigenetic variation.
In PD, autism, ADHD and Alzheimer disease (AD) substantial neuronal loss occurs in the substantia nigra, anterior and posterior cingulate cortices, locus coeruleus and thalamus leading to altered dopaminergic, serotoninergic and noradrenergic transmission mediated by the NTTs (Zarow et al., 2003; Spencer et al., 2007; Nakamura et al., 2010) . As such, the SLC6 family of proteins is well suited as neuroimaging markers for diagnosing these disorders as they estimate the integrity of these transporters.
Among the SLC6 transporters, DAT and SERT are well characterized for their potential application in the area of neuroimaging biomarker research (Tan et al., 2011) (Table 1) . Many radiotracer ligands for NTTs are synthesized and utilized for positron emission tomography (PET) and single photon emission computed tomography (SPECT) brain imaging (Table 1) . Numerous DAT and SERT neuroimaging radioligand markers currently available for PET and SPECT imaging exhibit varying properties including high-affinity and selectivity, increased target to background ratio, long half-lives, rapid kinetics, favorable metabolism and augmented imaging quality (Varrone and Halldin, 2010; Tan et al., 2011) . NET radiotracer ligands used in PET imaging are still under development but a recent report defines the usefulness of the NET radioligand (S,S) -[ 18 F]FMeNER-D2, the only acceptable and proven PET ligand for NET, in the early diagnosis of AD in humans (Gulyás et al., 2010) .
Biomarkers can play an important role in early diagnosis and effective therapeutic intervention; however, comprehending complex neuropathologies is problematic. Due to the presence of large inter-individual variation contributed by numerous factors like genetic variability, environment, GXE interaction, etc, experiments dealing with interdisciplinary approaches, such as combining genetics and neuroimaging could benefit the development of more effective therapeutics.
Pharmacogenomics
Association of SNPs (non synonymous, synonymous, non-coding) and variable number of tandem repeats (VNTR) with disease states serves as a useful mechanism for identification of proteins and understanding how alteration of the protein's structure, function and expression can be involved in a disease pathway. Defining the genetic link to disease is becoming increasingly important as health care transitions to more personalized medicine. Here, we will focus on the major genetic-disease associations (GDA) identified for SLC6 transporters but an expanded view of SLC6 SNPs and VNTRs can be found in Table 1 and recent reviews Bröer and Palacín, 2011; Murphy and Moya, 2011) .
SERT polymorphisms-Studies of genetic variation in the SERT gene (SLC6A4)
have identified several polymorphisms, both coding and noncoding, associated with disease. One of the noncoding VNTR polymorphisms, 5HTTLPR, located in the SLC6A4 promoter gives rise to two alleles termed short (s) and long (l) forms with the s form being associated in some studies with increased occurrence of suicide-with violence, anxiety, depression, positive responsiveness to antidepressant treatment , PTSD , smoking (Bloch et al., 2010) and substance abuse (Gerra et al., 2010) and the l form associated with OCD, alcoholism, schizophrenia, suicidal behavior and ADHD Retz et al., 2008; Bosia et al., 2010; Tartter and Ray, 2011) . The impact of the 5HTTLPR polymorphism may be more pronounced on individuals having stressful life events and the homozygous ss genotype . A second VNTR in intron 2 has been associated with affective disorders and appears to modulate protein expression in a primary sequence dependent manner (Lovejoy et al., 2003) . Numerous NSSNPs have been identified in SERT; many of which impact transporter function. Variants G56A, F465L, L550V and I425L have been identified in affected individuals in a study of 341 autistic families and an I425V allele has been linked to OCD and Asperger syndrome Voyiaziakis et al., 2011) and the I425L and L550V variants are associated with autism/OCD ).
NET polymorphisms-NET
polymorphisms can also be found in coding, noncoding and promoter regions of the SLC6A2 gene (Table 1) . Polymorphisms in SLC6A2 have been associated with anorexia nervosa, panic disorder, ADHD, depression, and chronicity of depression and blood pressure response to exercise (Kohli et al., 2011b) . NS-SNPs number around 20 and include A457P, F528C, R121Q, T283M and V245I which have been associated with occurrence of orthostatic intolerance, long QT syndrome, blood-pressure homeostasis, major depression and ADHD Haenisch et al., 2009; Hahn et al., 2009) 5.4.3 DAT polymorphisms-Like SERT and NET, DAT polymorphisms occur in the coding, noncoding and promoter regions of the SLC6A3 gene (Table 1) . The 3' untranslated region of SLC6A3 contains a common VNTR (frequency of 0.70) and has been associated with substance dependence, paranoia in cocaine addicts, response to amphetamines, ADHD, PD and bipolar disorder, schizophrenia (Cordeiro et al., 2010) and major depression (Pattarachotanant et al., 2010) . Coding variants in DAT include V55A, R237Q, L368Q, V382A, A559V, P395L and E602G. Of these, A559V and E602G have been associated with bipolar disorder with A559V also being linked to ADHD, and L368Q and P395L tagged with infantile parkinsonism-dystonia (IPD) syndrome (Kurian et al., 2009 ). As mentioned above, amphetamines promote reverse transport through DAT and are commonly used for treatment of ADHD. Interestingly, the A559V DAT mutation results in a transporter that exhibits a high level of reverse transport even in the absence of amphetamine (MazeiRobison et al., 2008) .
Non-NTT SLC6 polymorphisms-
The link between disease and SLC6 transporters is not limited to the neurotransmitter transporters. In fact, other members of the SLC6 family have solid associations with disease. The creatine transporter (CT1, SLC6A8) represents one of the strongest correlations between SNPs and disease among SLC6 transporters where numerous SNPs in coding and non-coding regions of the CT1 (SLC6A8) gene have been connected to X-linked mental retardation which is thought to result from reduced or absent creatine transport in the brain . Similarly, variations in the neutral amino acid transporter (B 0 AT1, SLC6A19) are associated with Hartnup disorder, a metabolic disorder resulting from dysfunctional amino acid transport (Kleta et al., 2004) . Glycine transporter (GlyT2, SLC6A5) SNPs have been associated with hyperekplexia (Rees et al., 2006) and schizophrenia (Deng et al., 2008) . Schizophrenia has also been correlated with the betaine-GABA transporter (BGT1, SLC6A12) (Park et al., 2011b) . Interestingly, SNPs for both BGT and the proline transporter (PROT, SLC6A7) are correlated with asthma Pasaje et al., 2010) . The amino acid transporter (B 0 AT2, SLC6A15), like the several NTT members, has been linked to major depression (Kohli et al., 2011a) . Additionally, myocardial infarction, hypertension and obesity have been linked to SLC6A18 (XT2) , SLC6A9 (GLYT1) (Ueno et al., 2009 ) and SLC6A14 (ATB 0+ ) (Suviolahti et al., 2003) variants, respectively.
Although there are a large number of pathologies and drug treatments associated with SLC6A transporters, the identification of genetic markers and development of effective biomarkers for these conditions is a difficult task due to the enormous amount of genetic variation and inconsistency in experimental findings. In fact, the reliability of the associations drawn in these studies has been questioned in meta-analyses studies (Serretti et al., 2008; Uher and McGuffin, 2008) . In spite of such drawbacks, there is an increasing interest in pharmacogenetics where the association of SNPs to disease states and therapeutic treatments contribute in understanding genetic variation within a specific population and designing effective individualized diagnostic techniques and pharmacotherapies.
Cocaine Pharmacotherapeutics -Behavioral Profile
DAT, NET and SERT are primary targets of the psychostimulant cocaine and the socioeconomic impact of its abuse has been well documented (Volkow and Li, 2005) . To date, substitution pharmacotherapy for cocaine has had little success (Grabowski et al., 2004) . The reinforcing and behavioral properties such as self administration and locomotor activity, responsible for the abuse liability of cocaine and cocaine-like compounds and other DAT inhibitors are related to the binding affinity, selectivity and occupancy of DAT (Heikkila et al., 1979; Kuhar et al., 1991; Newman and Kulkarni, 2002; Lindsey et al., 2004; Kimmel et al., 2008; Newman and Katz, 2009) .
Recently there has been excitement about the therapeutic potential of a class of compounds called Benztropines (3 alpha-diphenylmethoxytropanes; BZT) as they act on DAT, but yield a behavioral profile distinctive from cocaine (Newman and Kulkarni, 2002; Newman and Katz, 2009) as demonstrated by less abuse liability, altered self-administration and varied place conditioning. While the cause of the altered behavioral outcomes with BZT remains unclear, it has been proposed that the slower rate of onset of action, affinity to muscarinic M1 and histaminic H1 receptors, differential binding to DAT unique from cocaine (Reith et al., 2001; Chen and Zhen, 2004; Loland et al., 2008) or interaction with other receptors like 5HT1, 5HT2 and sigma receptors are plausible explanations for the characteristic behavioral (non-cocaine-like) effects (Agoston et al., 1997) .
Another class of compounds, sigma receptor ligands (eg. BMY-14802, NPC 16377, rimcazole, SR 31742A), like BZT, also result in modified behavioral patterns by altering the locomotor stimulant effects of cocaine Katz et al., 2003) . Initially, it was thought that binding of rimcazole analogs to sigma receptor, but not to the dopamine receptor, ) weakened cocaine-induced convulsive effects. However, the latest findings suggest a dual occupancy mode of action for rimcazole on DAT and sigma receptors for lowered cocaine self-administration (Hiranita et al., 2011) . The potential of sigma receptor ligands as cocaine abuse therapeutics has been reviewed previously (Matsumoto, 2009 ). These findings from BZT and rimcazole compounds offer hope that a stimulant-replacement therapy can be achieved (Henry and Blakely, 2008) .
Conclusion and future perspectives
Indeed, the emergence of crystal structures revealing the architecture of a prokaryotic SLC6 transporter complexed with substrates and inhibitors has resulted in an enormous leap forward in our understanding as well as provided a canvas on which to paint our biochemical and genetic studies. Incredibly, we found that this canvas is more universal than first thought and provides insights into unrelated transporters that possess the same LeuT fold core structural design. Nevertheless, the current crystal structures leave many unanswered questions as the prokaryotic structures lack important regulatory and functional domains found in the eukaryotic SLC6 proteins of which greater understanding into their roles will surely help unravel their connection to dysregulation/dysfunction and disease. Besides needing a fundamental understanding of the coupling of substrate and ion symport, the electrogenic nature of these transporters and the ability of some to transition to a channel mode suggests a possible role in functional regulation by modulation of the membrane potential. Further study is needed to determine if such a function could have pathological consequences. So while we wait for a eukaryotic SLC6 structure to emerge, there is still much to accomplish in the study of this group of proteins and their critical associations to human health and homeostasis. Phylogenetic Tree Diagram of Human SLC6 Members. Phylogenetic tree was generated in Geneious Pro Software (Biomatters Ltd) using Blosum 62 scoring matrix, open gap penalty of 12 and gap extension penalty of 3, the Jukes-Cantor genetic distance model, and Neighbor-Joining tree building method. The genes are given as A1, A2, etc along with the common name. The sub-groupings within the tree are designated by different colored ovals and named as indicated. SLC6A21P which is a pseudogene is not shown. Tissue distribution, physiologic function and substrate specificity of several SLC6 family transporters. A schematic representation of the prevalent tissue distribution and physiologic function of several SLC6 transporters is shown in A-C. The prominent roles of these transporters in intestinal nutrient absorption (A), renal reabsorption (C) of several amino acid and osmolyte substrates, and the role of transporters in synaptic transmission in the central nervous system (B) are depicted. Substrate specificity and ion and binding partner dependence for the four subclasses of SLC6 transporters is shown in panel D. Substrate abbreviations are: dopamine (DA), norepinephrine (NE), serotonin (5-HT), neutral and cationic amino acids (AA 0,+ ), proline (Pro), glycine (Gly), neutral amino acids (AA 0 ), proline and hydroxyproline (IMINO), betaine (Bet), creatine (CT), taurine (Tau), andaminobutyric acid (GABA). All SLC6 transporters are Na + -dependent and most are Cl − -dependent with the exception of B 0 AT2/SBAT1, NTT4/XT1 and B 0 AT1. Additionally, SERT utilizes the antiport of K + in the translocation of 5-HT. Although SLC6 transporters have numerous binding partners that influence transport activity, B 0 AT1, B 0 AT3, and IMINO require expression of collectrin/TMEM27 or angiotensin-converting enzyme 2 (ACE2) for activity. For a detailed listing of transporter tissue distribution, substrate specificity and disease association, see Table 1 . Structural aspects of the SLC6 family. (A) Helical architecture of the LeuT fold transporters. The 5+5 (LeuT fold) motif is represented as 2D where TMs 1 and 3 and 6 and 8 form the substrate binding helices (red cylinders) and combine with TMs 2, 4 and 5 and 7, 9 and 10 (blue), respectively, to form the antiparallel heptahelical domains (demarcated by the dashed boxes). TMs 11 and 12 (dark gray cylinders, labeled +1 and +2, respectively) are located peripheral to the 5+5 motif. The black lines represent densities resolved in the LeuT crystal structures. Gray solid lines represent additional regions found in eukaryotic SLC6 proteins. Other LeuT fold proteins, such as vSGLT, possess the 5+5 core but also have additional N and C terminal helices (dashed gray lines and light gray cylinders). Substrate (S), Na + (purple spheres) and Cl − (green sphere) are also represented. (B) Illustration of alternating access and channel modes of transport. Substrate and ions access the binding site of the outward facing transporter (i) via the open outer gate (black sticks), outer gate closes yielding the occluded state (ii) which then transitions to the inward facing state (iii) releasing substrate and ions to cytosol (though controversial, this transition is proposed to be driven by a second substrate molecule (dashed line hexagon) binding to the S2 site). The transporter then rectifies to the outward facing structure (i). The transporter may undergo a lower probability transition (dashed lines) to a channel state (iv) where both gates are open simultaneously. Modes of SLC6 transporter down-regulation. Plasma membrane residing SLC6 transporters are depicted with the many factors that influence their activity and internalization. Two modes of PKC-dependent transporter down-regulation that result in functional loss of substrate transport are depicted. This includes well-known clathrin/dynamin-dependent transporter endocytosis and the more recently uncovered endocytosis-independent mode that is dependent on membrane cholesterol. It is postulated that loss of substantial transport activity occurs prior to endocytosis, which removes transporters from the cell surface. Several post-translational modifications and binding partner interactions as well as cholesterol-rich membrane raft localization and PKC-dependent raft to non-raft transition are depicted with hypothetical roles for these participants and events in the down-regulation process. The transmembrane domain of Syn 1A and extended dimerization domain of Flot1 have been omitted for clarity. 
